Summary. The antiprotozoal drug pentamidine can be toxic to islet cells in vivo and in vitro. Rat islets were exposed to pentamidine (mesylate and isethionate salts) and six other structurally related diamidines. The B-cell response to arginine+theophylline was suppressed by pentamidine (10-2retool/I) while the glucagon and somatostatin secretionspersisted. All diamidines tested suppressed the ]3-cell function, with a log-dose-response proportionality, the mesylate compound being more potent than pentamidine isethionate, and the lipophilic analogs more than the hydrosoluble diamidines. Electron microscopy revealed distinct morphological alterations in islets exposed to pentamidine, the intensity of these changes being dose-and time-dependent, and the ]3 cells more severely damaged than the non-B cells. 51Cr-labelled islet cells and RIN 5 F cells consistently appeared more sensitive to pentamidine cytotoxicity than rat fibroblasts, myeloma cells and hepatocytes. The pentamidine-induced suppression of B-cell function was not, in conditions tested, affected by the presence of nicotinamide and the hexose concentration in the medium. The kinetics of islet damage were slower than those of streptozotocin and alloxan-induced islet damage. The present study confirms that pentamidine is selectively toxic to islet fl cells, with some features distinct from the alloxan and streptozotocin toxicities to these cells. The mechanism of this process and its precipitating factors in vivo need clarification. Key Words: Pentamidine, diamidines, experimental diabetes, insulin secretion, islet morphology.
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Previous studies have suggested that the antiprotozoal drug, pentamidine, can be toxic to islet fl cells in vivo and in vitro [1, 2] . In order to analyze this effect further, rat islets, rat insulinoma cells and various non-insular cell lines were exposed to pentamidine and then studied for either hormone release or the morphological consequences of this treatment. Six other diamidines structurally related to pentamidine were similarly studied. To approach the mechanism of pentamidine toxicity to fl cells, the potential protective effects of concomitant exposure to either nicotinamide or high hexose concentrations were also tested.
Material and methods

Functional studies
Islets were obtained by the collagenase method [3] from non-fasted male Wistar rats (200 250 g), distributed in the wells of Falcon microtest plates (Beckton-Dickinson, Rockville, Md., USA), each well containing five islets in 250 p~l of basal medium: MEM Eagle medium (Flow Laboratories, Rockville, Md., USA), supplemented with 10% fetal calf serum (FCS), glutamine (2retool/l), sodium pyruvate (lmmol/1), non essential aminoacids (0.814mg/1), streptomycin (~00 ~tg/ml) and penicillin (100 ~U/ml). This basal medium, containing glucose (5.5 mmol/1) was equilibrated with O2:CO2 (95%:5%), pH being 7.4.
Pentamidine mesylate (Specia, Paris, France) was dissolved in MEM basal medium. Freshly isolated islets were exposed to pentamidine l mmol/1 to 10-4mmol/1 for 1-18h at 37~ under O2:CO2 (95% : 5%) atmosphere.
At the end of the incubation period, the islets were washed twice and exposed to basal or stimulatory media (250 p J/well) for 15 rain. The stimulatory medium consisted of basal MEM Eagle medium + L (+) arginine HC1 (20 mmol/1) + theophylline (5 retool/l). Supematants were harvested and frozen at --20 ~ until hormone determiuations. Similar experiments wcrc conducted either in the absence of glucose during pentamidine incubation, or in the presence of glucose (16.5mmol/1), or 3-0 methylglucose (16.5 mmol/l, Sigma, St Louis, MO, USA), or nicotinamide (2mmol/1, Special, Paris, France). Six other diamidine preparations (kindly provided by Dr. S Squires, May and Baker, Dagenham, UK) were tested similarly: pentamidine isethionate, propamidine isethionate, dibromopropamidine isethionate, phenamidine isethionate, diamidino-diphenylamine-(HC1)z and stilbamidine isethionate. Sodium isethionate and sodium mesylate were also tested in parallel.
Insulin, glucagon and somatostatin were determined by radioimmunoassay [4] using charcoal for the separation of free and bound hormone [51. Purified rat insulin (Novo, Copenhagen, Denmark), pork glucagon (Novo) and synthetic cyclic somatostatin (Clin Midi, Montpellier, France) were used as standards. The glucagon antiserum was the 30 K serum from Dr. R. Unger (Dallas, Tex., USA) and that used for somatostatin assay was a gift from Dr. J. Gerich (Rochester, Minn., USA). It was verified that pentamidine, when added to the radioimmunoassay incubation medium, did not interfere with the tracer-antibody binding. The interassay variation coefficients were 5% (glucagon and somatostatin) and 10% (insulin).
Morphological studies
Rat islets used for the release experiments described above were fixed at the end of the incubation period by the addition of 2% glutaraldehyde in sodium cacodylate (0.1 mol/l ; pH 7.4) to an equal volume of incubation medium containing 40 islets. The material was post-fixed in 1% osmium tetroxide for 60min, stained en-bloc with 0,1% uranyl acetate in 0.1 mol/l acetate buffer (pH 5.0) and embedded in Araldite. Thin sections (2 ~m) were stained with lead citrate and examined in a Zeiss 9S electron microscope (Zeiss, Oberkochen, FRG).
Cytotoxicity studies
Trypan blue exclusion test. Control and test islets were exposed to a 0.5% solution of Trypan blue (Wt/vol) in NaCI solution (0A 54 tool/l) for 1 rain and then examined under a dissecting microscope ( • 40) with episcopic light (Nikon SMZ2, Tokyo, Japan). 5J Chromium cytotoxicity test. Normal islet cells: rat islets were isolated by the collagenase technique [3] and dispersed islet cell suspensions were prepared by exposing islets to dispase (Boehringer, Mannheim, FRG) in calcium-magnesium-free medium [6] . Viability was estimated by the Trypan blue exclusion test; only suspensions with a least 90% viable cells were retained. Cells (5x105 in 1 ml MEM+I5% FCS) were incubated at 37 0(2 for 1 h with 0.1 mCi Na2 SlCr 04 (CNTS, Pads, France), washed twice, distributed in Falcon microtest plates, each well containing 5 • 103 cells, and then incubated for 18 h in the presence of pentamidine 10 -4 to 1 mmol/l. The supernatants were counted in a gamma counter (Kontron MR252, Kontron Analytic International, Zfirich, Switzerland). 51Cr release was compared with that of distilled water lysed cells.
RIN 5 Frat insulinoma cells:
this cell line was kindly provided by Dr. Chick (University of Massachusetts Worcester, Mash., USA) [7] . Monolayer cultures were incubated with trypsin 0.024% in isotonic phosphate buffer, pH 7.4. After centrifugation, cells were resuspended in RPMI 1640 (Flow Laboratories, Rockwille, Md., USA) containing 10% (vol/vol) FCS, at a concentration of 105 cells/ml. Suspension (100 p3) was distributed into each well of Falcon microtest plates and cultured for 25 h. Supematants were discarded and replaced by RPMI + FCS containing Na251Cr 04 (0.06 ixCi/well) [8] . Four hours later, preparations were washed three times and exposed to pentamidine in RPMI 4-FCS for 18 h. Supernatants were counted and the results were calculated as above.
Fetal ratfibroplasts: fibroblasts obtained from 20-day-old mouse fetuses were cultured for 3 weeks [9] , treated with trypsin for 10 min at 37 ~ resuspended in MEM at a concentration of 106 cells/ml. Five D. Boillot et al.: Diamidine toxicity to rat islets corresponding control values hundred ~tl of this suspension plus I ml MEM were incubated with 0.1 mCi Na251CrO4 for 1 h at 37 ~ washed twice and then re-incubated in Falcon microtest plates (5000 cells/well) in the presence of pentam• 1 to 10-4mmol/1 for 18 h. Supernatants were counted and results calculated as above.
Rat myeloma cells: the IR 983-F cell line was kindly provided by H. Bazin (Brussels, Belgium) [10] ; cells were labelled with 51Cr, incubated in the presence of pentamidine and the supernatants were counted as described above for the other cell lines.
Hepatocyte cytotoxicity assay: this was performed according to a method described previously [11] . Hepatocytes from Wistar rats were isolated by portal perfusion of collagenase (0.02%, II type, Worthington, Freehold, New Jersey) [12] ; their initial viability tested by a Trypan blue staining was 85%. The hepatocyte suspension in RPMI 1640+ Hepes (10 mmol/1), 10% FCS, glutamine (2 retool/l), streptomycin (100 ~tg/ml) and penicillin (100 ~tU/ml) (Gibco, Paisley, UK) was distributed on Falcon microtest plates (20 000 cells/well) in 0.1 ml and incubated for 18 h at 37 ~ under an air-CO2 atmosphere in presence of various concentrations of pentamidine or medium alone. Supernatants were then harvested for aspartate aminotransferase (ASAT) detcrmination. Enzyme activity was assayed by a kinetic method using an automated centrifugal analyzer (Cobas-Bio, Roche, Neuilly-sur-Seine, France) and TGO-kit (Biom6rieux, L'Arbresle, France). Percentage of ASAT release was compared with that of hepatocytes lysed by Triton X 100 (Sigma, St Louis, Mo., USA), 0.05% in water.
Statistical analys&
Results are expressed as mean + SEM. Statistical significance of differences was analyzed by using the Student's t-test for non-paired values,
Results
Functional studies
Exposure of normal rat islets to pentarnidine mesylate 10-2 and 10-1 mmol/1 suppressed the/r response to arginine + theophylline, but not that of A and D cells (Fig. 1) . In the presence of pentamidine 10 -1 mmol/1, the basal glucagon release was higher than control values (p< 0.001). In these experiments, the selective sup- Number of experiments was 6 in each group pression of the t-cell response to the stimulus was affected by neither the omission of glucose from the pentamidine incubation medium, nor the addition of glucose (16.5mmoi/I), 3-0 methylglucose (16.5mmoi/t) and nicotinamide (2 mmol/1) ( Table 1) . But the basal release in the presence of 3-0 methylglucose + pentamidine was increased, for some undetected reason. Pentamidine isethionate and the other six diamidines also suppressed the t-cell response to arginine +the-ophylline. Calculation of the dose response curves suggested some differences in activity for these drugs in the 10-2 to ~ mmol/1 concentration range (Fig. 2) . Pentamidine mesylate was the most active compound, followed by propamidine and dibropropamidine, then by pentamidine isethionate. Stilbamidine, phenamidine and diamidino-diphenylamine were the less active drugs.
Sodium isethionate had no influence on the fl cell responses to arginine + theophylline (Table 2) .
361
Morphological studies
Electron microscopic examination revealed distinct morphological alterations at the cellular level in islets exposed to pentamidine; the intensity of these changes was time-and dose-dependent. After 12-18 h of exposure, pentamidine 10-~ mmol/l resulted in necrosis of most endocrine cells. All fl cells were necrotic (Fig. 3 a) , while some A cells at the islet periphery remained intact but severely damaged with vesiculated and dilated cisternae of the rough endoplasmic reticulum. A shorter exposure time (2 h) resulted in swelling of the t-cell rough endoplasmic reticulum cisternae ( Fig. 3 b) ; there was no noticeable effect on the non-/3 cells. In the islets exposed to pentamidine 10-2 mmol/l (18 h) most/3 cells were damaged, their cytoplasm containing large vacuoles derived from the rough endoplasmic reticulum (Fig. 3 c) . These cells were almost completely degranulated, while non-fl cells showed no evident signs of cell damage or degranulation (Fig. 3 c) . After exposure for 18 h to pentamidine 10 -3 mmol/l, islet cells showed no distinct morphological changes when compared with control material (Fig. 3 e and 3 f) .
Cytotoxicity studies
Exposure to pentamidine for 18 h was toxic to the SlCrlabelled islet cells and RIN 5 F cells at concentrations of 10 -4 tO 1 mmol/1 while fibroblasts and myeloma cells were damaged only at the highest pentamidine concentration tested of I retool/1 and the rat hepatocytes at concentration of 10-1 to i mmol/1 (Table 3) .
After addition of the Trypan blue solution, the dark blue islets were, in all instances, easily distinguishable from the bright white islets. One half of the islets was stained after 5h in the presence of pentamidine 10 -1 mmol/1, while similar half maximal damage was reached within 30 min in case of alloxan, and 70 rain in the presence of streptozotocin at same molar concentrations (Fig. 4) .
Discussion
These results confirm and expand some previous [1, 2] observations: (1) pentamidine altered selectively insulin release and t-cell response to arginine + theophylline, while A and D cell responses were not suppressed; (2) six other diamidines structurally related to pentamidine also suppressed t-cell function with a dose-dependent proportionality; (3) morphological evidence of islet cell damage was observed with a similar dose-and time-dependency; (4) non-fl cells and some extrainsular cell lines appeared less sensitive than were fl cells to the drug; (5) the kinetics of islet necrosis, as assessed by Trypan blue exclusion, were slower in case of pentamidine than in the presence of alloxan, or streptozotocin; and (6) no clear protective effect of nicotinamide and high hexose concentrations was detected under these experimental conditions.
The hypothesis of pentamidine toxicity to /3 cells originated from clinical observations of patients who presented hypoglycaemia, then diabetes mellitus, fol- lowing treatment by pentamidine of Pneumocystis carinii pneumonitis [1] . This pulmonary complication occurs frequently in immunodepressed patients and pentamidine preparations are widely used for its treatment. In the United States, the number of patients treated with pentamidine has increased from 118 in 1980 to 1474 in 1983, and reached 2546 for the 10 first months of 1984 (Dr. T. R. Navin, Center of Infectious Diseases, Atlanta, Ga, USA, personal communication). For the last 424 patients treated under control of this center, 10 were reported to have hypoglycaemia severe enough to require repeated doses of 50% glucose and another 15 were reported to have moderate hypoglycaemia. As regards diabetes mellitus, 12 new cases have been recently added in 1984 [13] to the 29 others previously reported [J 1. On the other hand, the number of patients with try- Fig.3a -L Electron micrographs of rat islet cells exposed to pentamidine. a Necrosis induced by an 18-h exposure to pentamidine 10 -1 retool/l; b//cell from an islet exposed for 2 h to the same pentamidine concentration as in a; RER cisternae (arrowhead) are swollen and contain material of moderate electron density; c effect of 18-h exposure to pentamidine 10 -2 mml/l on fl-cell RER-cisternae, which are strongly dilated a~d form large vacuoles (arrowhead) containing some tlocculent material; most fl cells are degranulated; d A cell exposed to pentamidine 10 -2 mml/l (18 h) showing no evident sign of cell damage; the small vacuoles inside the mitochondria (arrowhead) are also occasionally present ill the pentamidine-treated material though their quantity may be larger in the pentamidine-treated material; e fl cell exposed to pentamidine 10 .3 mml/1 (18 h); its morphology is not notably different from that of the control material. Magnification: X 7500/Bar 2 gm panosomiasis, liable to be treated with pentamidine, keeps increasing [14] . A precise knowledge of pentamidine toxicity is therefore clinically relevant. Pentamidine mesylate may be more toxic to/3 cells in vivo than pentamidine isethionate [15] , a suggestion consistent with our present data.
The demonstration of morphological islet damage and that of a selective toxicity to/3 ceils are major steps in the description of this toxic effect. Lysis of/3 cells by pentamidine had been postulated, to account for the early hypoglycaemic attacks associated with inappropriately high insulinaemia, in pentamidine-treated subjects. This is consistent with: (1) the higher-than-normal basal insulin release from islets exposed to pentamidine and (2) the results of 5tCr release and Trypan blue exclusion tests. The mechanism of pentamidine toxicity to islet • cells at a cellular and molecular level remains unclear. Pentamidine is a lipophilic molecule: this favours rapid transfer across plasma membranes. Pentamidine rapidly disappears from the bloodstream [16] . Among the six diamidine molecules tested, those which were the most toxic to islets contained an aliphatic (lipophilic) chain linking the two phenolic groups, and the toxicity was proportionate to the length of this chain. It has been suggested that the carbon chain served primarily as a carrier for the strongly basic active amidine group, and then further explorations led to the synthesis of diamidines containing aromatic groups as carriers [17] . On the other hand, pentamidine is highly cationic and this may favour a selective uptake by the fl cell granules, the operationally defined pH of which is acid [18] [19] [20] . A rapid uptake of pentamidine by islet cells is strongly suggested by parallel experiments where purified/3 cells showed structural damage after incubation periods of 15 rain (D. Pipeleers, unpublished observations).
Following the uptake of the drug by islet cells, the toxicity may develop slowly, differing in that from alloxan and streptozotocin (Fig. 4) . Pentamidine can bind to nucleosides from nucleic acids, ATP and ADP in vitro [21] . This observation is consistent with the previous demonstration that pentamidine interferes with DNA, RNA and protein synthesis [22, 23] and inhibits thymidylate synthetase [24] . No protective effect of high glucose or nicotinamide concentrations on the/3-cell function was observed in the present experimental sets, although some protection may exist for shorter exposure times, as regards eytotoxieity (D. Pipeleers, unpublished observations). An alloxan-like mechanism of action cannot be excluded. The breakdown products of the diamidines and guanidines include xanthine and uric acid, which are chemically close to alloxan [25] . Pentamidine catabolism may lead to alloxan-related compounds, but most studies suggest that pentamidine is not metabolized in vivo [16, 26] and its mechanism of toxicity may differ from that of alloxan. Further studies on the potential protective effect of free radical scavengers are needed [27] [28] [29] [30] . Since the inhibitory effect of sodium isethionate upon insulin release is rapidly reversible [31, 32] it cannot account for the irreversible effect of pentamidine isethionate.
The pentamidine toxicity to insulinoma cells may be of potential therapeutic value. Recently pentamidine has been shown to lyse human insulinoma in vitro [33] , consistently with present observation on RIN 5 F cells. However, no beneficial effect was obtained in vivo in one patient and no experimental model of pentamidineinduced diabetes in vivo is available to date. Further work is needed to clarify the conditions of pentamidine toxicity to normal and tumour islet tissue in vivo.
